In this paper, a sliding mode observer is presented for achieving the speed and position sensorless control based on estimating the rotor position of permanent magnet synchronous machines (PMSM). According to the PMSM mathematical model and the sliding mode observer (SMO) control theory, the SMO model is given. The stability condition of SMO is studied to make sure that the observer is stable in converging to the sliding mode plane. Compared to conventional sliding mode observer, the proposed observer based on sliding mode observer and phase-locked loop can effectively reduce the influence of the sliding mode chattering and improve the precision of the rotor position estimation. This paper analyses the structure and performance of the proposed SMO strategy with Simulink-based simulation. The simulation results show that the novel sliding mode observer is more effective than the conventional method.
Introduction
Permanent magnet synchronous machines (PMSM) have been increasingly applied for drive applications owing to their simple structure, high power density and high efficiency (Colli and Marignetti, 2010; Zhao, 2013; Lucas and Azimi, 2004) . To achieve the efficient vector control of a PMSM, knowledge of rotor position is required. Usually, the angle of rotor position is measured through a resolver, or other absolute encoder. However, the presence of such sensors increases the cost and encumbrance of the overall system as well as reduces its robustness and reliability. Furthermore, the sensors are expensive and very sensitive to environmental constraints such as vibration and temperature. To overcome these problems, instead of using the position sensors, the sensorless control method has been developed to control the motor using the estimated values of the position and velocity of the rotor (Kung and Quynh, 2012; Ananthan and Vaidyan, 2013; Vosmik and Smidl, 2012) .
The high-frequency injection method, extended Kalman filter, observer estimation method, flux estimation, artificial intelligence estimation method, adaptive reference control method have been extensively studied. In the highfrequency injection method at high speed, the backelectromotive force is too large, furthermore the speed and position detection accuracy of the rotor are reduced, and system stability is poor; the extended Kalman filter method has a large calculation volume, the algorithm requires high carries for the chip, the stator voltage is very small near zero speed, estimation error of the status will be affected by increases of measurement error and uncertainty of motor model. Artificial intelligence estimation method has technology issues and is not mature yet, it needs specialised hardware support and more difficult, therefore, it is difficult for the practical application. The adaptive reference control method has a problem of how to choose the model reference adaptive rational adaptive law, to ensure system stability and robustness of the parameters at the same time improving the convergence rate of this method (Idkhajine and Maalouf, 2012; Piippo and Luomi, 2008; Holtz, 2005; Quang and Hieu, 2012) . Compared with other methods, sliding mode variable structure has fast response and good robustness and ensures that the system is asymptotically stable. At the same time its algorithm is simple and easy to achieve on project (Foo and Rahman, 2010; Hongryel and Jangmyung, 2011; Kim and Son, 2011) .
To cope with the foregoing problems, this paper presents a sensorless vector control algorithm for PMSM. The angle of rotor position is estimated with a sliding mode observer. Simulation results are utilised to verify its validity.
Mathematical model of PMSM
In order to create a mathematical model of PMSM, make the following assumptions: the effect of magnetic saturation of the rotor core and stator are ignored; the hysteresis loss and eddy current of motor are ignored; armature reaction magnetic field generated by the permanent magnet excitation field and three-phase windings in the air gap are sinusoidal distribution; steady-state operation, the phase windings induced electromotive force waveform is a sine wave.
A variety of PMSM coordinate axes and related vectors are shown in Figure 1 . The α-β reference frame is the stationary reference frame, whereas the d-q reference frame is the rotating frame synchronised to the rotor. The typical mathematical model of a PMSM is described, in two-axis d-q synchronous rotating reference frame, as follows 
where i α , i β are the α-β axis current; u α , u β are the α-β axis voltages; e α , e β are electromotive force of the stationary coordinate system; Ω e , θ are rotor electrical angular velocity and electrical angle of the motor.
Design of control system based on sliding mode observer
Equation (3) shows that the rotor position information which is contained in back EMF can be extracted through the observer. The sliding mode observer which is designed in this paper puts the stator current under static coordinates system as input of observer, through the observation of the motor back EMF, to extract rotor speed and position information of the measurements. According to equation (2) given a current state equation of permanent magnet synchronous motor under stationary coordinate system, based on the theory of sliding mode variable structure control, we can construct the current sliding mode observer equation:
Then, we can get current error equations as follows:
The key of sliding mode variable structure control design is to control the function u(x) and design of switching surface s(x), here we choose constant switch control function u = u o sgn(s(x)) as control function, u o is taken as -l 1 , to ensure that the condition SS = 0 of sliding mode reaching is established, the value of l 1 is related to the stability of the system, here's an analysis of the range of the l 1 . By the previous conclusions, we can get:
and
Obviously, only when l 1 > max(|e α |, |e β |), the above conditions are met, so that we can guarantee the stability of the error equation. In practice, l1 cannot be set too much big; otherwise it will increase the chattering noise, causing unnecessary estimation error.
The sliding mode surface s(x) is defined as ( ) [ , ] .
When the estimation error trajectories reached the sliding surface, i.e., s(x) = 0, obviously, the observed currents will eventually converge to the actual ones.
In accordance with equivalent control theory, the expression can be rewritten as ( 1 0 ) where e α and e β are the switching signal which contains the information of back EMF. Estimated back-EMF is obtained by the low pass filter of the switching signals, as shown in (11). Nevertheless, the low pass filter brings the phase delay of the estimated rotor position and speed; therefore, it is essential to compensate the phase delay of estimation. The rotor position can be obtained from (14) and (15) as follows:
The rotor speed is also obtained by the estimation of back EMF ( 1 6 ) The sliding mode observer for permanent magnet synchronous motor without position sensor control system block diagram is shown in Figure 2 . Owing to the presence of high frequency chattering in sliding mode, the back EMF information also has high frequency chattering. If the rotor position and motor speed signals are extracted directly through the back EMF, the signals will also exhibits buffeting. For this reason, a phase-locked loop (PLL) position detection system is introduced in this paper. The motor back EMF information is estimated through the sliding mode observer firstly, and then the rotor position and motor speed signals are extracted from the estimated back EMF with PLL technique. Define the estimated motor back EMF as PLL input signal, according to the relation between the back EMF and the rotor position, build a rotor position detection system to extract the position signal contained in back EMF information, which is shown in Figure 3 . , number of pole pairs P = 4. Outer speed loop sampling time is 10 ms, the inner current loop sampling time is 10 us, and the carrier frequency of PWM inverter is 500 kHz.
The simulation architecture of sensorless control system based on the conventional sliding mode observer is shown in Figure 4 .
The simulation architecture for vector control system of PMSM based on SMO and PLL is shown in Figure 5 . The simulation model includes CLARK conversion module, PARK transformation and inverse transformation module, SVPWM module, PMSM module, sliding mode observer (SMO) module and PLL. The establishment of SMO module is using the sliding mode observer model equations (4) and (5), at the same time, in order to improve the simulation speed, a S-function is written for the simulation, loaded a ready-written M file called SMO directly in the MATLAB/Simulink can finish operation function, the simulation model is shown in Figure 6 , PLL module is shown in Figure 7 .
In the simulation of sensorless PMSM drive, rotor position and motor speed estimation based on SMO are firstly evaluated. To evaluate the performance of the proposed method, both the traditional SMO and SMO with PLL are tested on the PMSM system. The motor speed is set to 800 rpm with constant load and the simulation results of the real and estimated rotor position and speed are presented from Figures 8 to 13. Figure 12 The partial enlargement of real motor speed and estimated motor speed based on traditional SMO (see online version for colours) Figure 13 The partial enlargement of real motor speed and estimated motor speed based on SMO with PLL (see online version for colours) Figure 8 shows that the estimated speed is well tracking the actual ones, but the estimated speed contains ripple components caused by chattering of SMO. Figure 10 and Figure 12 show that the estimated rotor position by SMO has large difference from the actual rotor position. Meanwhile, the waveform of the rotor estimated position exists high frequency chattering, because the estimated back-EMF contains ripple components, and the ripple is amplified from division operation. Figures 9 and 11 show the estimated motor speed and rotor position when applying SMO with PLL technique. It is easy to be found that with the PLL, the wave of estimated speed and position are smoother than before; high frequency components are filtered apparently. Figure 13 shows the partial enlargement of estimated rotor position errors in the proposed method. Obviously, the error is much smaller when using the proposed method. By comparing with the conventional method, it is well known that PLL method can weaken the influence of chattering of SMO during estimating rotor position effectively. Meanwhile, the error of estimation can be apparently reduced. So this proposed method has high tracking precision and good effect.
To evaluate the performance of the proposed composite method, speed response simulation experiments on the PMSM system also have been performed. The speed responses curves are shown in Figures 14 and 15 when the reference speed is changed to 800 rpm at t = 0.1 s. The simulation result of the step speed response with no overshoot and 15ms rising time characteristics is shown in this figures.
Figure 14
Step speed response at normal load condition (see online version for colours) Figure 15 The partial enlargement of step speed response at normal load condition (see online version for colours) From all of the simulation results above, it can be seen that the proposed method can obtain a better tracking performance and disturbance rejection when compared to traditional control methods.
Conclusions
In this paper, a sliding mode observer-based position sensorless control scheme has been presented for PMSM drives. The proposed system comprises a sliding mode observer and a field-oriented PI current controller for the speed control loop. The SMO is used to estimate the rotor position and speed of the PMSM due to its strong robustness.
The system estimated error can be significantly reduced with PLL technique, and consequently the estimated position angle is smooth and accurate compared to conventional sliding mode observer. The proposed observer has been successfully implemented with vector control for a PMSM drive system. The feasibility and effectiveness of rotor position detection technique based on SMO and PLL have been verified by simulation analysis.
